We make a study of the indirect effects of new physics on the phenomenology of the "Higgslike" particle. Assuming that the recently observed state is a light electroweak doublet scalar and the SU (2)L ⊗ U (1)Y symmetry is realized linearly, we parametrize these effects in a model independent way in terms of an effective Lagrangian at the electroweak scale. We choose the dimension-six operator that allows us to better use all the available data to constrain the coefficients of the dimension-six operators. Subsequently we perform a global 6-parameter fit which allows for simultaneous determination of the standard model scalar couplings to electroweak gauge bosons, gluons, bottom quarks, and tau leptons. The results are based on the data released at Moriond 2013. Moreover, our formalism leads to strong constraints on the electroweak triple gauge boson couplings.
Low energy effective Lagrangian: the right of choice
The 2012 discovery of the state resembling the standard model scalar (SMS) marks the beginning of the direct study of electroweak symmetry breaking (EWSB) 1 . To determine whether this new particle is the state predicted by the standard model (SM) we still must determine its properties like spin, parity, and couplings. Here we use a bottom-up approach to study the SMS couplings by parametrizing the deviations of the SM predictions by an effective Lagrangian.
We assume that the newly observed state is part of an electroweak scalar doublet and the gauge SU (2) L ⊗ U (1) Y is linearly realized. The lowest order operators that modify the SMS couplings are of dimension-six 2 . It is well known 3 that there are 59 independent dimension-six operators up to flavor and Hermitian conjugation. However, there is a freedom in the choice of the basis of operators since operators connected by the equations of motion lead to the same S-matrix elements 4 . Thus, the determination of physical observables like branching ratios or production cross sections would be independent of the basis choice. Nevertheless independent does not mean equivalent. As a result of this reasoning, we propose that in the absence of theoretical prejudices it turns is beneficial to use a basis allowing for the use of largest dataset in our analyses. Therefore, a sensible (and certainly technically convenient) choice is to leave in the basis those operators which are directly related to the existing data, for example the bulk of precision electroweak measurements which have with the establishment of the SM.
In our analysis we characterize deviations from the predictions of the SM as
where O n are the dimension-six operators which involve gauge-bosons, and/or fermionic fields, and the SMS, with couplings f n and where Λ is the characteristic scale. We assume O n operators to be P and C even and the conservation of baryon and lepton numbers. Our fit to the available datasets leads to constraints on f n /Λ 2 that can be easily translated into SMS properties and into bounds on triple gauge boson couplings. The basic building blocks for the dimension-six operators are the SMS doublet Φ and its covariant derivative,
2 W a µ Φ in our conventions, as well as, the hatted field strengths defined asB µν = i g 2 B µν andŴ µν = i g 2 σ a W a µν . The gauge couplings of SU (2) L (U (1) Y ) are denoted as g (g ) and the Pauli matrices by σ a . The fermionic degrees of freedom are the lepton doublets L, the quark doublets Q and the SU (2) L singlet fermions f R .
Here we directly present our choice of basis, however the detailed discussion of this choice can be found in this reference 5 . In this basis the bosonic operators modifying the SMS interactions with the gauge bosons are
while the dimension-six operators relevant for the SMS interactions with fermions are
where
† Φand where we denote the family indices by i, j. In addition to the above operators the dimension-six basis also contains four-fermion interactions, dipole operators, as well as, the operator O W W W that leads to anomalous triple gauge couplings but does not modify the SMS interactions 5 .
One important property of this choice of basis is the presence of the operators O W and O B that modify the SMS couplings to gauge boson pairs, as well as, the triple electroweak gauge couplings (TGC). This allows us to use the available TGC data to constrain the SMS properties. Moreover, the SMS data also have an impact on the present determination of the TGC as shown below 5, 6 . Now we take advantage of and apply all available experimental information to the effect of reducing the number of relevant parameters in the analysis of the SMS data:
• Considering that the Z couplings to fermions are in agreement with the SM at the level of per mil 7 , the operators modifying these couplings will have coefficients so constrained that they will have no impact in the SMS physics with the present statistics. Consequently, we remove the operators (O
Φf , O
Φf ) from our analyses.
• The precision electroweak parameters S and T strongly constrain the coefficients of O BW and O Φ,1 , therefore, we also neglect their contributions.
• The off-diagonal part of O f Φ is strongly constrained by data on low-energy flavor-changing interactions. Consequently we also discard them from our basis.
• Flavor diagonal O f Φ from the first and second generations only have an effect on the present Higgs data via their contribution to the SMS-gluon-gluon and SMS-γ-γ vertex at the one loop level. The form factors are very suppressed for light fermion loops and correspondingly their effect is totally negligible in the analysis. Therefore, we keep the fermionic operators O eΦ,33 , O uΦ,33 and O dΦ,33 only.
• Tree level information concerning htt production has very large errors still. So the parameter f uΦ,33 effectively contributes only to the one-loop SMS couplings gluon and photon pairs. Presently these contributions can be absorbed into the redefinition of the parameters f W W and f g , therefore, we take f uΦ,33 ≡ f top ≡ 0. In the future, when a larger luminosity is accumulated, it will be necessary to reintroduce f top as one of the parameters in the fit.
Therefore, at the end of the day, the effective Lagrangian relevant to our analyses is
that contains 6 unknown parameters (
To obtain the present constraints on the six unknown parameters we construct a chi-square function 5 using all available data on the SMS production and decay coming from LHC and Tevatron 8 and also on TGC 9 and electroweak precision data (EWPD). The details of the statistical analyses are presented in reference 5 .
Results
In order to compare the bounds on the SMS couplings coming from ATLAS and CMS data we considered a scenario where the SMS couplings to fermions take on their SM values, i.e., we set f bot = f τ = 0 and we fit the available data with {f g , f W , f B , f W W } as the relevant free independent parameters. Figure 1 depicts the ∆χ 2 as a function of each of the four free parameters after having marginalized over the three unshown parameters. As we can see in the left panel, ∆χ 2 as a function of f g possesses two degenerate minima caused by interference between SM and the anomalous contributions. For the case of the chi-square dependence on f W W again there is an interference between SM and anomalous contributions, however, the degeneracy of the minima is lifted as a result of the f W W coupling contributing to SMS decays into photons, W W * and ZZ * , as well as in V h associated and vector boson fusion production mechanisms. Moreover, we can see from this figure that the CMS, ATLAS and combined data exhibit a similar chi-square behavior with respect to the fitting parameters and that the ATLAS and CMS data lead to similar bounds on the SMS couplings at 90% CL.
The effect of combining the SMS data with the TGC data and EWPD is presented in Fig. 2 where a different set of free parameters was used for each row. In the upper row of the figure the SMS couplings to fermions are the SM ones while in the lower row the set of fitting parameters is augmented with the inclusion of anomalous bottom and tau couplings, f bot and f τ , i.e. we perform a six-parameter fit in {f g , f W , f B , f W W , f bot , f τ }. When including EWPD a scale of 10 TeV was assumed in the evaluation of logarithms appearing in the expressions for S, T and U ; see reference 5 for further details. Comparing the panels in the same column we can see that the impact of the different datasets is similar in the two scenarios depicted in this figure. Because f B and f W are the only fit parameters modifying the TGC at tree level, they show the largest impact of the TGC data, particularlly f W . Moreover, the inclusion of the EWPD in the fit has the affect of reducing the errors on f B and f W significantly, in addition to lifting the near degeneracy on f W W .
Let us explore in more detail the two scenarios presented in Figure 2 , focusing on the effects of allowing for the modification of Higgs couplings to fermions. Comparing the panels in the Figure 1 : ∆χ 2 as a function of fg, fW W , fW , and fB assuming f bot = fτ = 0. These panels contain three lines: the dashed (dotted) line are obtained using only the ATLAS (CMS) data and the solid line stands for the result using all available SMS data from Tevatron, ATLAS, and CMS.
upper row with the ones in the lower row we can see the allowed range of f g becomes much greater for the latter case, where the range for f bot is large as well. This behavior has origins in the fact that large f bot causes the SMS branching ratio into pairs of b-quark to approach 1, so in order to fit the data for any channel with a final state F with F = bb, the gluon fusion cross section is enhanced in order to make up for the dilution of H → F branching ratios. This occurs due to a strong correlation between allowed values of f g × f bot 5 . This is illustrated in Fig. 3 which depicts the strong correlation between the allowed values of f g × f bot .
Still from Fig. 2 we can see that allowing for f bot = 0 and f τ = 0 has a small impact on the parameters affecting the SMS couplings to the electroweak gauge bosons f W , f W W and f B as shown by comparing the corresponding upper and lower panels. Concerning f τ , it does not possess any strong correlation with other variables because the data on pp → h → τ + τ − cuts off all strong correlations between f τ and f g . At the end, the introduction of f τ has a little impact on the determination of the other free parameters.
We present in Fig. 4 the chi-square dependence on branching ratios and production cross sections for the two scenarios presented in Fig. 2 . The effect of f bot = 0 and f τ = 0 on physical observables can be seen by comparing the upper and lower rows of this figure: We can easily see that bounds on branching ratios and cross sections get loosened, with the VBF and VH production cross sections being the least affected quantities while the gluon fusion cross section is the one which becomes less constrained. The reason for this reduction of the constraints is the strong correlation between f bot and f g just mentioned. We summarize the bounds on SMS production cross sections and branching ratios in the left panel of Fig. 5 that shows that the SM predictions for the SMS properties are in good agreement with the available data.
The operators O W and O B modify not only the SMS interactions, but also give rise to TGC as we have already commented:
where s (c) stands for the sine (cosine) of the weak mixing angle. Therefore, we use our framework to get bounds on TGC and we present them in the right panel of Fig. 5 , where we can see that the present SMS physics bounds on ∆κ γ ⊗ ∆g Z 1 show a non-negligible correlation. This stems from the correlation imposed on the high values of f W and f B from their tree level contribution to Zγ data, a correlation which is transported to the ∆κ γ ⊗ ∆g Z 1 plane. Furthermore, Figure 2 : ∆χ 2 as a function of the fit parameters when all SMS collider (ATLAS, CMS and Tevatron) data (solid red line) are considered, SMS collider and TGC data (dashed purple line) and SMS collider, TGC and electroweak precision data (dotted blue line). The columns display the ∆χ 2 as a function of the fit parameter shown at the bottom of the column. In the first row we use fg, fW W , fW , and fB as fitting parameters with f bot = fτ = 0, while in panels of the lower row we fit the data in terms of fg, fW W , fW , fB, f bot , and fτ .
the right panel of this figure also shows that the present bounds on ∆κ γ ⊗ ∆g Z 1 from the analysis of SMS data are stronger than those coming from direct TGC studies at the LHC.
The most important lesson that we can learn from the right panel of Fig. 5 is the complementarity of the bounds on new physics effects originating from the analysis of SMS signals and from studies of the electroweak gauge-boson couplings 6 . To assess the potential of this complementarity we combine the present bounds derived from SMS data with those from the TGC analysis from LEP, Tevatron and LHC shown in Fig. 5 . Clearly the inclusion of the SMS data leads to stronger constraints on TGC. The combined 1σ 1dof allowed ranges are −0.002 ≤ ∆g Z 1 ≤ 0.026, −0.034 ≤ ∆κ γ ≤ 0.034 which imply −0.002 ≤ ∆κ Z ≤ 0.029 .
Discussion and conclusions
Here, we applied a bottom-up approach to describe possible departures of the SMS couplings from the SM predictions. Working in a model independent framework the effects of the departures can be parametrized in terms of an effective Lagrangian, more specifically we chose a basis of the dimension-six operators such that we could use the largest possible dataset to constrain the SMS couplings. In this general framework the modifications of the couplings of the SMS field to electroweak gauge bosons are related to the anomalous triple gauge-boson vertex 6 . Our fit to the presently available data show that the SMS branching ratios and cross sections are compatible with the SM at 1σ level. Moreover, the analysis of the Higgs boson production data at LHC and Tevatron is able to furnish bounds on the related TGC which, in some cases, are tighter than those obtained from direct triple gauge-boson coupling analysis. In the near future the LHC collaborations will release their analysis of TGC with the larger statistics of the 8 Figure 3 : We present the 68%, 90%, 95%, and 99% CL allowed regions for the f bot × fg plane when we fit the ATLAS, Tevatron, CMS, and TGC data while varying fg, fW W , fW , fB, f bot , and fτ . The stars represent the global minima. Undisplayed parameters have been marginalized over.
TeV run. The combination of those with the present results from SMS data has the potential to furnish the strongest constraints on new physics effects on the EWSB sector until further luminosity can be accumulated b . Figure 4 : Chi-square as a function of the branching ratios (left panels) and the production cross sections (right panels) while considering all SMS collider(ATLAS, CMS and Tevatron) and TGC data. In the upper panels we have used fg, fW , fW W , and fB as fitting parameters setting f bot = fτ = 0, while in the lower row we parametrize the data in terms of fg, fW W , fW , fB, f bot , and fτ . In the upper right panel, the dependence of ∆χ 2 on the branching ratio to the fermions not considered in the analysis arises from the effect of the other parameters in the total decay width. Figure 5 : The left panel contains the 90% CL limits on the SMS branching ratios and production cross sections. The right panel displays the 95% CL allowed regions (2dof) on the plane ∆κγ ⊗ ∆g Z 1 from the analysis of the SMS data from LHC and Tevatron (filled region) presented in this work together with the relevant bounds from different TGC studies from collider experiments as labeled in the figure. We also show the estimated constraints obtainable by combining these bounds (hatched region).
